Abstract-Cysteine sulfhydryl-rich peptide thiols are believed to play important roles in the detoxification of many heavy metals and metalloids such as arsenic, mercury, and cadmium in plants. The ␥-glutamylcysteine synthetase (␥-ECS) catalyzes the synthesis of the dipeptidethiol ␥-glu-cys (␥-EC), the first step in the biosynthesis of phytochelatins (PCs). Arabidopsis thaliana, engineered to express the bacterial ␥-ECS gene under control of a strong constitutive actin regulatory sequence (A2), expressed ␥-ECS at levels approaching 0.1% of total protein. In response to arsenic, mercury, and cadmium stresses, the levels of ␥-EC and its derivatives, glutathione (GSH) and PCs, were increased in the A2::ECS transgenic plants to three-to 20-fold higher concentrations than the increases that occurred in wild-type (WT). Compared to cadmium and mercury treatments, arsenic treatment most significantly increased levels of ␥-EC and PCs in both the A2::ECS transgenic and WT plants. The A2::ECS transgenic plants were highly resistant to arsenic and weakly resistant to mercury. Although exposure to cadmium produced three-to fivefold increases in levels of ␥-EC-related peptides in the A2::ECS lines, these plants were significantly more sensitive to Cd(II) than WT and trace levels of Cd(II) blocked resistance to arsenic and mercury. A few possible mechanisms for ␥-ECS-enhanced arsenic and mercury resistance and cadmium hypersensitivity are discussed.
INTRODUCTION
Arsenic, mercury, and cadmium are among the most hazardous elemental pollutants, endangering the environment and causing a variety of maladies in humans and animals [1] . Phytoremediation technologies for extracting and storing these toxicants in plants potentially are effective and environmentfriendly alternatives to reburying contaminated sediments or capping polluted sites [2] [3] [4] [5] . However, plants must be able to tolerate these toxic elements in order for their roots to survive penetration into contaminated sediments. Engineering plants with enhanced chemical sinks, which would react with and sequester the most toxic ions of arsenic, mercury, and cadmium, is one method of providing resistance [5] .
A cysteine sulfhydryl residue-rich class of small peptides, ␥-glutamylcysteine (␥-EC), glutathione (GSH), and phytochelatins (PCs), plays important roles in detoxification and sequestration of thiol-reactive heavy metals and metalloids in microorganisms [6, 7] , plants [8] [9] [10] [11] , and lower animals [12, 13] . These ␥-EC-containing peptides are derived from common amino acids in three steps, as shown in Figure 1 . The first committed step catalyzed by ␥-glutamylcysteine synthetase (␥-ECS) results in the formation of ␥-EC, the focus of this paper. The ␥-EC contains a peptide bond formed between the ␥-carboxyl group on glutamate and the ␣-amino group on cysteine, defining these peptides as a separate class. The ␥-ECS-catalyzed formation of ␥-EC is believed to be limiting for both GSH and PC production in the absence of heavy metals [14] and possibly in Cd-stressed plants [9] . Several * To whom correspondence may be addressed (meagher@uga.edu). studies provide evidence that these peptides are important to tolerance. For example, Arabidopsis mutants blocked in the synthesis of ␥-ECS or phytochelatin synthase (PCS) are hypersensitive to cadmium [15] [16] [17] [18] . Similarly, baker's yeast blocked in ␥-ECS and glutathione synthetase (GS) synthesis and Schizosaccharomyces pombe blocked in PCS synthesis are hypersensitive to cadmium [6, 7, 19, 20] . Therefore, based on the cadmium sensitivity of plant and fungal mutants, published studies have explored the potential of ␥-ECS protein overexpression to increase tolerance to Cd(II) in transgenic plants [9, 10] .
␥-Glutamylcysteine synthase protein overexpression in transgenic Indian mustard resulted in increases of both GSH and PCs, but these plants showed only weakly enhanced Cd tolerance [8, 9] . Similarly, the moderate overexpression of the Arabidopsis ␥-ECS gene in transgenic Arabidopsis, which caused less than a 1.5-fold increase in ␥-EC and GSH peptide levels, did not cause any enhanced tolerance to cadmium [10] . Also, cadmium resistance was not conferred by overexpressing ␥-ECS protein in tomato [21] . We were interested by the results showing weak or nonexistent cadmium tolerance after increasing ␥-EC peptide levels, which are surprising given the phenotype of the cadmium-sensitive Arabidopsis mutant lacking ␥-ECS activity. These apparent discrepancies between results from the overexpression of ␥-ECS and cadmium sensitivity of mutants with ␥-ECS deficiency suggest much is yet to be learned about metal and metalloid processing by ␥-EC-containing peptide complexes.
The main goal of our research was to explore the potential for arsenic and mercury resistance in ␥-ECS protein-overexpressing plants. The ␥-ECS gene expression in Arabidopsis The three steps for phytochelatin biosynthesis are catalyzed by three enzymes, ␥-ECS, glutathione synthetase (GS), and phytochelatin synthase (PCS), respectively. The product of the first reaction, ␥-glutamylcysteine (␥-EC), contributes multiple dipeptide units to the phytochelatins (PCs). ␥-Glutamylcysteine, glutathione (GSH), and PCs all have the ability to bind thiol-reactive metal and metalloid ions. (B) Physical map of the Escherichia coli ␥-ECS gene under control of the Arabidopsis ACT2 promoter (A2::ECS), including 5Ј UTR, leader intron, 3Ј UTR, and terminator/polyadenylation sequences. Abbreviations: TATA box ϭ the characterized sequence specifying the start of transcription; ts ϭ start of transcription; PA ϭ characterized poly(A) addition sites; ATG and TAA ϭ initiation and termination codons; UTR ϭ untranslated regions.
was directed from a promoter cassette derived from the strong vegetative constitutive Arabidopsis actin gene ACT2 (A2). Expression of the A2::ECS fusions resulted in high levels of ␥-ECS expression. The A2::ECS plants showed strong and weak resistance to arsenic and mercury, respectively, but were hypersensitive to toxic levels of cadmium.
MATERIALS AND METHODS

Cloning and expression of bacterial ␥-ECS
Cloning of the Escherichia coli SK1592 ␥-ECS gene was described previously by Li et al. [22] . For expression in Arabidopsis, the actin ACT2 (A2) sequences were used (Fig. 1B) as previously was described in Kandasamy et al. [23] for actin expression. The ␥-ECS coding sequence was cloned into the NcoI/BamHI sites of the A2 cassette to make A2::ECS. This construct was made as a translational fusion between the methionine initiation codon at the junction of the ACT2 5ЈUTR and at the start of the ␥-ECS coding sequence. In addition, the A2::ECS contained homologous 3ЈUTR sequences from the ACT2 gene. This gene fusion was moved into the plant expression binary vector pBin19. The above construct was introduced into Arabidopsis thaliana (ecotype Columbia) by Agrobacterium-mediated transformation using vacuum infiltration according to Ye et al. [24] . To isolate T 1 transgenic lines, the sterilized seeds from vacuum-infiltrated plants were plated onto MS (Murashige and Skoog; Invitrogen/Gibco, Carlsbad, CA, USA) medium [25] supplemented with kanamycin (50 g/ml) and timentin (300 g/ml) for three weeks, before transplanting the surviving seedlings into soils.
Plant growth and heavy metal and metalloid treatments
The Arabidopsis wild-type (WT) and the transgenic plants were grown with 16:8-h light:dark photoperiod at 22ЊC constant temperature. To test metal and metalloid resistance, WT and transgenic seeds were sterilized as described previously [22] , or by treatment with Cl 2 gas as follows. Commercial bleach (100 ml) was mixed with 1 ml of concentrated hydrochloride acid in a 200-ml beaker inside a 2,000 cm 3 desiccator. Seeds layered no more than ⅛-inch deep in a 1.5-ml microfuge tube were incubated for 5 h in the Cl 2 -filled chamber. These sterile seeds then were plated onto the half-strength MS medium solidified with phytagar (0.8 g/L), supplemented with various concentrations of arsenate (150, 250, 300, and 350 M of Na 3 AsO 4 , respectively), mercury (55 and 70 M of HgCl 2 ), and cadmium (25, 50, 75 , and 100 M of CdCl 2 , respectively). After the seeds germinated, the plates were positioned vertically and grown for three weeks before the shoot fresh weight was quantified. For high-performance liquid chromatography (HPLC) assay of thiol-peptide levels, the seeds were sterilized and germinated on half-strength MS solid media for one week, and then transferred onto nylon mesh for hydropic culture in Magenta box and grown for two weeks longer in heavy metalfree, half-strength MS media. The three-week seedlings were treated with 25 M CdCl 2 , 25 M HgCl 2 , or 75 M arsenate for 48 h. The control had no toxic element added. The shoot and root tissues were separated and kept at Ϫ80ЊC until extraction of peptides.
Western analysis of ␥-ECS protein levels
The monoclonal antibody mAbECS1 we raised previously against an N-terminal peptide derived from E. coli ␥-ECS [22] was used for quantitative Western analysis of ␥-ECS expression in plants. Protein extracts from shoots and roots of transgenic and control Arabidopsis plants were analyzed as described previously [22] . Antimouse Ig from goats linked to horseradish peroxidase (Amersham, Piscataway, NJ, USA) was used as a secondary antibody. To quantify the amount of ␥-ECS protein expressed in the transgenic plants, 0.0, 2.5, 5.0, 7.5, 10, and 20 ng of the ␥-ECS N-MAP peptide were loaded on 12% sodium dodecyl sulphate-polyacrylamide gel, electrophoresed, electroblotted onto nitrocellulose membranes, and assayed by Western analysis. To compare the relative amount of ␥-ECS protein in plant crude extracts, the Western blot bands were quantified using Densiometry Scanner (Bio-Rad, Hercules, CA, USA).
HPLC analysis of thiol
Cysteine-and thiol-containing peptides ␥-EC, GSH, PC2, PC3, and PC4 were analyzed using fluorescence detection HPLC as described previously [26] . Peptides were extracted and derivatized with monobromobimane as described for phytochelatins [27] with some modifications. [28, 29] . Fresh tissues were ground in liquid nitrogen and peptides were extracted with extraction buffer (6.3 mM diethylenetrianmine pentacetic acid in 0.1% trifluoroacetic acid) at 1 ml/g fresh weight for shoot tissue and 2 ml/g fresh root tissue. The homogenate was centrifuged at 10,000 g for 10 min at 4ЊC and the supernatant was filtered (0.22-m filter, Millipore, Bedford, MA, USA). The peptides were separated on a reversephase Nova-Pak C 18 column (pore size, 60Å ; particle size, 4 m; dimensions, 3.9 by 300 mm; Waters catalog 1169; Milford, MA, USA) at 27ЊC and fluorescence was monitored on a Thermo Finnagan Fluoromonitor S1100 Series fluorescence detector (Agilent/Restek, Bellefonte, PA, USA) with excitation ϭ 395nm; emission ϭ 485 nm. The peaks corresponding to cysteine, ␥-EC, and GSH were identified using commercially available peptides (Sigma-Aldrich, St. Louis, MO, USA), and PC2, PC3, and PC4 standards were synthesized in Molecular Genetics Instrument Facility, University of Georgia (Athens, GA, USA). The levels of the peptides were quantified from the intensity of the fluorescence in chromatographs, and normalized to the fresh weight of plant tissues.
Quantification of arsenic, mercury, and cadmium in shoot tissues
For arsenic, cadmium, or mercury accumulation study, the WT or transgenic seedlings were grown for three weeks in half-strength MS phytagar medium containing 150 M sodium arsenate or 30 M HgCl 2 or 25 M CdCl 2 . At the end of the growth period, shoots were harvested, washed three to four times with deionized water to remove any traces of surface contamination, frozen in liquid nitrogen, and stored at Ϫ70ЊC. Tissues were lyophilized at Ϫ34ЊC for more than 72 h, and then powdered in a mortar and pestle with liquid nitrogen. The powder was lyophilized again before being weighed for digestion. To extract total arsenic, cadmium, and mercury, 20 to 100 mg dried powder was digested in a mixture of 2 ml of HClO 4 : HNO 3 (1:7 v/v), at room temperature for more than 48 h following the protocol of Suszcynsky and Shann [30] . Internal standards and the reagent blanks were used, where appropriate, to ensure accuracy and precision in the analysis.
RESULTS
Characterization of transgenic Arabidopsis plants that express bacterial ␥-ECS
In order to test the potential for ␥-ECS to enhance tolerance of plants to thiol-reactive heavy metals or metalloids, Arabidopsis plants were engineered to express the bacterial ␥-ECS gene under control of a strong constitutive regulatory cassette composed entirely from the Arabidopsis actin gene ACT2. A physical map of the reconstructed gene A2::ECS is illustrated in Figure 1B . Thirty transgenic Arabidopsis lines were selected by screening for linked kanamycin resistance marker. The ␥-ECS protein levels were examined for these lines with Western blots using the ␥-ECS-specific monoclonal antibody mAbECS1a prepared against the N-terminal amino acid peptide sequence, N-ECS [22] . All thirty lines had detectable ␥-ECS protein. As shown in Figure 2A , high-level ␥-ECS expression was detected easily in both shoots and roots of representative A2::ECS expressing lines (e.g., A2::ECS1, A2::ECS5, A2:: ECS11). To quantify the amount of the ␥-ECS protein expressed in the various transgenic plant extracts, different amounts of the ␥-ECS-specific peptide N-ECS were loaded as standards and compared on Western blots (Fig. 2C ) [22] . Correcting for the differences in the molecular weight of the peptide and ␥-ECS proteins, the amount of ␥-ECS was estimated to be approximately 20 ng per 20 g crude plant protein, or approximately 0.1% of the total extractable protein in strong expression lines, such as A2::ECS1, A2::ECS5, and A2:: ECS11. The expression levels of these and many other independent transgenic lines (not shown) were indistinguishable from A2::ECS11 and preliminary studies suggested these lines all behaved similarly when exposed to the toxicants arsenic, mercury, and cadmium. Therefore, the A2::ECS11 line was chosen for more detailed analyses.
Thiol-peptide levels in the transgenic plants grown with or without toxicants
Wild-type and the transgenic line A2::ECS11 were analyzed for levels of cysteine, ␥-EC, GSH, and PCs (Fig. 1A) . Wildtype and the A2::ECS11 plants were harvested after a 48-h exposure to sublethal doses of arsenate, cadmium, and mercury. Using cysteine, ␥-EC, GSH, and PC standards, fluorescent HPLC analysis clearly identified the monobromobimanelabeled peaks corresponding to these thiol peptides in the shoots and roots of these plants, shown in Figure 3 . In general, the downstream products of ␥-ECS were increased significantly in transgenic plants relative to WT. This increase was most apparent in plants treated with arsenic, compared to mercury or cadmium as summarized in Figure 4 .
Levels of ␥-EC in the shoots or roots of A2::ECS11 transgenic plants were three-to 10-fold higher than WT during either unchallenged growth or after 48-h exposure to arsenate, cadmium, or mercury (Fig. 4B) . The p-values for ␥-EC increases for all of comparisons of A2::ECS11 plants to WT were all statistically significant and ranged from 0.0001 to 0.01, with the exception of one p-value of 0.05 (mercuryexposed roots). The ␥-EC levels of WT plants were increased only minimally by toxic element stress.
The ␥-ECS overexpression and toxicant exposure had interesting effects on other intermediates in this pathway. Cysteine levels in the A2::ECS11 shoots were significantly lower than in WT shoots in response to arsenate, cadmium, or mercury ( Fig. 4A ; p-values from 0.001-0.04). A dramatic increase in GSH accumulation was found in both shoots and roots of the A2::ECS11 plants compared to WT under normal unchallenged growth control conditions or after exposure to arsenate, mercury, or cadmium for 48 h (p value Ͻ 0.00001-0.05). The levels of GSH were two-to threefold higher in shoots and three-to 20-fold higher in roots of the A2::ECS11 plants relative to WT, when exposed to these toxicants. After exposure to arsenate for 48 h, root GSH levels in WT were decreased significantly compared to treatments with cadmium or mercury or unchallenged growth conditions, and the A2::
Y. Li et al. ECS11 plants still kept high levels of GSH (Figs. 3C, D and 4C). These later data suggest the ␥-ECS expression may have been limiting GSH synthesis in WT. Levels of the downstream peptides PC2, PC3, and PC4 were increased significantly in A2::ECS11 plants in response to arsenic and, to a lesser extent, in response to cadmium. Some induction of PC2 and PC3 was observed in WT exposed to arsenic, however, the levels of all three PC components quantified were much higher in both shoots and roots of the A2:: ECS11 transgenic plants. Root PC2 levels were several-fold higher in A2::ECS11 plants than in WT in response to both arsenic and Cd(II) (p-values from 0.005-0.028) shoots (Fig.  4D) . The significant increases in both PC3 and PC4 were observed only in the roots, but not shoots, of the ACT2::ECS11 plants relative to WT in response to arsenate stress (p Ͻ 0.0084 for PC3 and p Ͻ 0.0132 for PC4; Fig. 4E, F) .
Tolerance of the A2::ECS plants to arsenic
Germination and growth were compared among the lines under both arsenate stress and arsenate-free conditions using T 3 generation seeds to determine if the transgenic plant lines with elevated levels of ␥-EC, GSH, and PCs had enhanced Figure 5A and B. In contrast to the vigorous growth of the A2::ECS plants, the WT plants germinated on the 250-M arsenate medium, but bleached white and died after two to three weeks of growth.
To quantify arsenate tolerance and associated accumulation of biomass under arsenic stress, fresh shoot weight was measured. The fresh shoot weight of the A2::ECS plants that expressed high levels of ␥-ECS was four-to 120-times higher than that of the WT after three weeks of growth on 150 to 300 M arsenate (Fig. 5C) . Growth of the A2::ECS11 plants was slowed at most concentrations above 150 M arsenate relative to unchallenged plants. The validity of these differences from WT was confirmed in multiple replications of these experiments and from the significantly low p-values (p Ͻ 0.005 for As 150 M; p Ͻ 0.001 for As 250 M; p Ͻ 0.001 for As 300 M; and p Ͻ 0.05 for As 350 M).
Weak tolerance of A2::ECS plants to mercury
Parallel experiments were carried out to examine mercury tolerance of ␥-ECS-overexpressing plants, as shown in Figure  6 . The A2::ECS11 plant seeds germinated and plants grew slowly on medium containing 55 M HgCl 2 . In contrast, the WT plants, if they germinated at all, were bleached and grew more slowly at this concentration (Fig. 6A, B) . The fresh shoot weight of the A2::ECS11 plants examined was significantly higher than that of WT under 55 M Hg(II) or 70 M Hg(II) stress, as shown in Figure 6C (p-values Ͻ 0.05). These results indicated that overexpression of ␥-ECS enhanced Hg(II) resistance, although only weakly as compared to the increase in arsenic resistance.
Cadmium hypersensitivity
Previous work has examined the possible role of ␥-ECS overexpression from the viral CaMV 35S promoter in conferring Cd(II) resistance [8] [9] [10] . However, the results from these studies varied from cadmium resistance to no resistance to slight sensitivity. We were interested in examining the results with transgenic plants overexpressing the A2::ECS con- struct to see if the extremely high levels of ␥-ECS protein affected tolerance to Cd(II). When these plants were grown with a range of Cd(II) concentrations (25, 50, 75, 100 M) in their media that were sublethal to WT, we found that all of the transgenic lines tested were significantly more sensitive to Cd(II) than WT under all four concentrations of cadmium. The growth of WT and the A2::ECS11 line in media with 75 M Cd(II) is shown in Figure 7B and C. The p values for the Cd(II) sensitivity of the A2::ECS11 line compared to WT were all statistically significant, ranging from Ͻ0.0005 to Ͻ0.05. Data from several other ␥-ECS-expressing transgenic lines showed similar levels of Cd(II) sensitivity. One possible explanation for the Cd(II) hypersensitivity of A2::ECS11 plants is that Cd(II)-thiol-peptide complexes are in some way particularly toxic to Arabidopsis. If this is so, the Cd(II) complexes might have a separate dominant-negative activity over the successful processing of arsenic or mercury complexes that leads to resistance. To perform an initial test of this idea, we plated transgenic and WT seeds on media that contained nontoxic levels of Cd(II) with or without toxic levels of arsenic or mercury. At a concentration of 5 M, Cd(II) had no significant inhibitory effect on growth, as shown in Figure  8 . Growth of AtECS11 plants was inhibited only moderately by 250 M arsenic or 55 M Hg(II) alone (Fig. 8E, F) . However, when 5 M Cd(II) was combined with these levels of arsenic or mercury, the trace amounts of Cd(II) completely blocked ␥-ECS-mediated resistance. Compare Figure 8 to the results in Figure 5 and 6. These results suggest that complexes between Cd(II) and thiol peptides in the pathway from ␥-EC to phytochelatins blocked the successful processing of arsenic and mercury complexes.
Accumulation of arsenic, mercury, and cadmium in aboveground tissue of WT and the A2::ECS transgenic plants
To test for accumulation of metalloid or heavy metal in aboveground tissue, Arabidopsis plants were grown on agar in half-strength MS medium with 150 M arsenate, 25 M Cd(II), or 30 M Hg(II) for three weeks. These sublethal concentrations of arsenic, mercury, and cadmium were chosen to avoid severe growth inhibition of the plants. The arsenic, cadmium, and mercury concentrations in the shoot tissues of these plants were quantified using inductively coupled plasma-mass spectroscopy. As shown in Figure 9 , none of the three toxic element concentrations in tissues of the A2::ECS11 plants were significantly different from WT. Considering that transgenic plants had order of magnitude increases in the levels of ␥-EC, GSH, and PCs under various thiol-reactive element stress condition, that these thiol-peptides should have bound the toxicants, and that these plants were resistant to mercury and arsenic, it was surprising that sublethal doses of these toxic elements did not result in similarly enhanced element concentrations in the aboveground tissues of the A2::ECS11 transgenic lines.
DISCUSSION
Overexpression of the A2::ECS gene
The primary goal of this study was to examine the potential of ␥-ECS overexpression to increase plant tolerance and sequestration of thiol-reactive metals and metalloids, specifically arsenic, mercury, and cadmium. Additionally, we tried to ascertain which of these three toxicants most strongly induced increases in the levels of ␥-EC, GSH, and PCs. We made some effort at achieving very high levels of ␥-ECS gene expression and resulting thiol-peptide synthesis by testing two strong constitutive promoter vectors.
The E. coli ␥-ECS gene was expressed in Arabidopsis under control of the regulatory sequences flanking the strong vegetative, constitutive Arabidopsis actin gene ACT2 for all the experiments shown herein. The A2::ECS gene expressed ␥-ECS protein at high levels in transgenic plants. Parallel experiments expressing ␥-ECS from a transcriptional fusion to the CaMV 35S promoter and NOS terminator of pBIN19 (35Sp::ECS) showed no comparable, high-level expression of ␥-ECS protein in the shoots in any of 30 transgenic plant lines tested (not shown). Expression levels of protein in the best 35Sp::ECS plants generally were three to five times lower than for the A2::ECS, and many of the plant lines with the 35Sp: :ECS construct produced no detectable ␥-ECS protein. The ACT2 actin promoter already was shown to enhance high levels of transcription in a very large percentage of independent transgenic plant lines [31] . In addition, the high levels of ␥-ECS protein observed herein perhaps were due to the added effects of using translation fusions in A2::ECS to preserve the position of ACT2 mRNA translational signals proximal to the AUG initiation codon (Fig. 1B) . The sequence of this region in the ACT2-derived vector ATAAACCAUG is similar in composition to a Kozak consensus translation sequence AAC-CACAAUG that we have used previously for enhanced transgene expression [32, 33] . Finally, elevated levels of protein synthesis may have come from the homologous ACT2-derived 5Ј and 3Ј UTR sequences producing more efficiently translated circular polysome structures than were obtained from transcripts that mixed 35S viral and nopaline synthase flanking sequences [34, 35] .
Thiol-peptide levels and tolerance to arsenic and mercury
High levels of ␥-EC and other downstream peptides were observed in transgenic plants expressing the A2::ECS transgene. Particularly high peptide levels were observed in roots after 48-h treatment with arsenic, mercury, or cadmium. Arsenic, mercury, and cadmium all have thiol-reactive species expected to bind ␥-EC. Ionic mercury is highly thiol-reactive and forms extremely strong bonds with sulfur, but has many other activities leading to its toxicity. The toxicity of the ionic mercury species to plants is confirmed by studies showing that a transgene leading to the electrochemical reduction of Hg(II) to Hg(0) provides high-level Hg(II) resistance [32, 36, 37] . Thus, considering the high affinity of Hg(II) for thiols, it was surprising that ␥-ECS-overexpressing plants were only weakly tolerant to Hg(II).
The transgenic plant lines expressing A2::ECS were highly tolerant to the oxyanion arsenate. To interpret these data for arsenate, it is useful to note that there are two common forms of arsenic in the soil environment, the oxyanions arsenate and arsenite . Arsenate is a phosphate analogue,
Ϫ3 Ϫ3
AsO AsO 4 3 and it is the form that enters most organisms via phosphate transporters [38, 39] . Arsenate then is reduced to arsenite by endogenous arsenate reductases found in bacteria, fungi, animals, and plants [40] [41] [42] [43] [44] . The arsenite then specifically is pumped out of bacterial [45] , fungal [46, 47] , and animal [48] cells to provide resistance. The role of efflux in plant arsenic processing
is not yet clear [49] and efflux may not always be sufficient to handle toxic levels of arsenite produced in many organisms. For example, the naturally arsenate-resistant fungus Hymenoscyphus ericae can efflux approximately 90% of the cellular arsenic, whereas the nonresistant genotype only loses 40% by efflux [46] . Arsenite-resistant Leishmania often show amplification of the ␥-ECS locus along with other arsenic-resistance genes [50] , and this is consistent with the role of ␥-EC in binding arsenite. However, most plants and animals are resistant only naturally to minimal levels of arsenic. Thus, although electrochemical reduction and efflux both are parts of cellular arsenic resistance, thiol-rich, small peptides may have universal roles in arsenic sequestration at both cellular and organismal levels. Extensive data show that cellular arsenite appears to be bound by PCs or related thiol-peptides like ␥-EC and GSH in a variety of plants and filamentous fungi [7, 40, 41, [51] [52] [53] [54] . Arsenite is the thio-reactive form for arsenic that should bind the peptides formed downstream of the ␥-ECS reaction, and form As(III)-␥-EC, As(III)-GS, and As(III)-PC complexes (Fig.  1A) . Thus, the endogenous reduction of arsenate to arsenite should complement ␥-ECS overexpression, because arsenate cannot react with these thiol peptides. In fact, the complementing activities of thiol-peptide synthesis and arsenate reduction in shoots were used to engineer an Arabidopsis plant that accumulated three times more arsenic in shoots than WT [40] . However, this earlier work did not examine plants singly transforming the ECS gene in any detail to determine either thiol-peptide levels or plant tolerance to various concentrations of arsenic, mercury, or cadmium. Perhaps the strongest evidence for the critical importance of ␥-ECS expression to arsenic resistance is the fact that the Arabidopsis mutant cad2-1, which is deficient partially in ␥-EC, GSH, and PCs due to mutation of the ␥-ECS coding region [55] , is much more sensitive to arsenate than WT. Furthermore, the Arabidopsis mutant cad1-3, which essentially is null for phytochelatin synthase activity, also is more sensitive to arsenate than WT [7, 18] . Our results regarding ␥-ECS overexpression, taken together with these previous data on plant endogenous systems for handling arsenic, suggest that ␥-ECS overexpression complements other existing systems for arsenic resistance. However, although the total amount of arsenic extracted from the tissue correlated with tissue mass, and thus the resistant transgenic plants extracted more total arsenic, our results showed only minimal increases in arsenic concentrations in ␥-ECSoverexpressing plants relative to WT. This lack of increased arsenic concentration in plant tissue is not in complete agreement with the simple view of more thiol peptide leading to more arsenic accumulation. We also might have considered it likely that the various arsenite-thiol-peptide complexes were pumped into vacuoles, contributing to resistance, as it has been shown in yeast [56] . However, this view is not supported by our data, again, because no significant increase in arsenic accumulation was observed to correlate with large amounts of -thiol complexes being stored in vacuoles. It appears that having higher endogenous ␥-EC levels conferred resistance and allowed more rapid growth at high arsenic concentrations, but did not actually increase the total sink for arsenic.
Cysteine levels in shoots of the A2::ECS11 plants were significantly lower than WT under arsenic, cadmium, and mercury stress conditions. Logically this is due to a drain on cysteine as it is incorporated into ␥-EC and downstream peptides. Arsenic treatment did cause some increase in cysteine levels in both WT and transgenic plants and this may have been due to a stimulation of the upstream biosynthetic pathway producing cysteine. Glutathione levels in the A2::ECS11 plants were enhanced significantly compared to WT whether exposed to toxicants (As, Cd[II], or Hg[II]) or grown at normal control conditions. In contrast, the GSH levels in WT roots were decreased significantly after exposure to arsenic or Hg(II). The transgenic plant roots maintained 20-and 15-fold higher levels of GSH than WT after 48-h exposure to arsenate and mercury, respectively (Figs. 3C, D and 4C) . These results suggest that ␥-EC became the limiting factor in GSH biosynthesis in WT roots under arsenic stress, and that ␥-ECS overexpression produced more ␥-EC to serve as a substrate for GSH biosynthesis. Although this finding is in agreement with older, well-established data from bacteria suggesting that ␥-ECS is the rate-limiting step in the GSH biosynthetic pathway, the native plant enzyme essentially is unrelated in sequence to the bacterial enzyme and, thus, the feedback regulation of the native plant pathway cannot be predicted [57] [58] [59] . Several factors might have contributed to the GSH depletion in WT plants after exposure to arsenate for 48 h. First, GSH may have been oxidized to dimeric glutathione (GS-SG) through its participation in the reduction of arsenate to arsenite. Second, the enhanced overproduction of PCs in response to arsenate stress may drain GSH pools, as GSH serves as one of the substrates for the biosynthesis of PCs. Third, GSH itself may play an important role in chelation of arsenite, the reduced form of arsenate, which could result in GSH depletion in WT plants. Unlike in the ␥-ECS-overexpressing plants, GSH biosynthesis likely is limited in WT plants due to ␥-EC shortage, because ␥-EC serves as one substrate for GSH production. Arsenate significantly increased levels of ␥-EC and PCs in both A2:: ECS transgenic and WT plants compared to the effects of Cd(II) and Hg(II). These results suggested that arsenic induced the biosynthesis of ␥-EC and PCs or increased stabilization of these peptides in a way much stronger than Cd(II) and Hg(II), perhaps by efficient activation of PCS [60] . The enhanced accumulation of these thiol peptides in the transgenic plants resulted in significant arsenic resistance.
Considering that similar concentrations of ␥-ECS protein were observed in roots and shoots of transgenic plants, it still is not surprising that the levels of ␥-EC, GSH, and PCs generally were much higher in the roots than in the shoots, and particularly high after treatment with arsenic or Cd(II). First, both nutrient and toxic element concentrations are always higher in roots than shoots, although much of this concentration simply is adsorbed to root surfaces. Because it is difficult to distinguish element uptake in roots from surface adsorbtion, we made no attempt to determine element levels in root samples. Second, with or without metal treatment, WT and transgenic plants produced more cysteine in roots than in shoots, perhaps in response to greater metal ion stress. More cysteine would provide more substrate for the ␥-ECS enzyme and downstream biosynthesis. Third, it is likely that the enhanced levels of toxic element ions in root tissues helped to stimulate several enzymes in the glutathione stress response pathway and root thiol-peptide levels above those in shoots [61] .
Cadmium sensitivity
Cadmium is highly thiol-reactive as Cd(II). Strong previous data suggested a connection between the synthesis of ␥-ECcontaining thiol-peptides and cadmium resistance. Perhaps most significant, the Arabidopsis cad1-3 and cad2-1 mutants, Hg and As tolerance in plants overexpressing ␥-ECS Environ. Toxicol. Chem. 24, 2005 1385 which were blocked partially or completely in ␥-EC and PCs synthesis, respectively, were isolated based on their cadmium sensitivity [15, 18] . Thus, it was logical to expect that overexpression of ␥-ECS might lead to cadmium tolerance in most plants, as was observed in transgenic Indian mustard plants overexpressing ␥-ECS [8] . Thus it was surprising that the A2: :ECS transgenic Arabidopsis plants reported herein, which produced three-to fivefold more ␥-EC, GSH, and PCs than WT in response to cadmium, were even more sensitive to toxic levels of cadmium ion than WT. Consistent with our results, Xiang et al. [10] found that engineered Arabidopsis plants overexpressing ␥-ECS did not show Cd(II) resistance, although the GSH levels were increased twofold over WT. A similar, although less severe, phenotype was reported for transgenic Arabidopsis plants overexpressing their own phytochelatin synthase in roots (AtPCS1) [62] . Although the AtPCS1 plants accumulate 1.3-to 2.5-fold more GSH and PCs in response to cadmium, these transgenic plants are more sensitive to cadmium. This hypersensitivity partially is alleviated when the transgenic Arabidopsis plants overexpressing AtPCS1 are grown in medium supplemented with GSH. Based on their unusual sensitivity to cadmium, it is proposed that the Cd hypersensitivity of the AtPCS1 transgenic plants is due to the toxicity of the overexpressed PCs, because they are present at supra-optimal levels (fivefold higher than GSH). Both the fivefold increases in ␥-EC and GSH levels and the severity of Cd(II) hypersensitivity reported herein are much greater increases than reported in these previous studies [10, 62] . Thus, the hypothesis that GSH limitation produced hypersensitivity to Cd(II) does not explain the hypersensitivity of our ␥-ECS transgenic plants, because GSH levels were much higher than PCs levels in response to Cd(II). No evidence supports the idea that the hypersensitivity of A2::ECS transgenic plants to Cd(II) is due to the toxicity from the overproduction of thiolpeptides, because the A2::ECS plants grew like WT without Cd(II). Further research is needed to clarify the seemingly paradoxical phenomenon of Cd(II) hypersensitivity in the presence of high levels of thiol-peptides. A few obvious explanations exist. For example, by making high levels of ␥-EC containing peptides, the reduction in the available pool of cysteine may have lowered the synthesis rates of cysteine-rich metallothioneins (MT). Because metallothioneins preferentially sequester Cd(II) over other metal ions like Zn(II) [63] , such metallothionein-compromised plants might be Cd(II) sensitive. Finally, we provided initial evidence in Figure 8 of another possible explanation for the Cd(II) hypersensitivity of ␥-ECS plants. In particular, Cd(II) may have a separate dominant-negative activity in Arabidopsis plants that can override the successful processing of cadmium-, arsenic-or mercurypeptide complexes that leads to resistance.
CONCLUSION
Our results indicate that ␥-ECS-overexpressing transgenic Arabidopsis plants were significantly tolerant to arsenate and weakly tolerant to mercury compared to WT. Increasing tolerance is an important first step in designing plants that can be used in phytoremediation. The thiol-peptide products were produced from the A2::ECS transgene at very high levels in the presence of arsenic, mercury, and cadmium. However, these high thiol-peptide levels did not result in increased concentrations of toxicant accumulation. Furthermore, ␥-ECS overexpression generated cadmium hypersensitivity. This was surprising and suggested multiple and separable mechanisms are required for the processing of different thiol-peptide complexes containing different metals and metalloids.
